CONTEXT: Although physiologic benefits of resistance training for children and adolescents have been well documented, the impact of age and maturity on trainability of muscle strength remains poorly understood.
Skeletal muscle strength is a key factor in different sports. Besides the importance of preparing the young athlete for competition, it has been shown to have an impact on health-related aspects such as preventing injuries 1, 2 or increasing bone mineral density 3, 4 in that age group. Although resistance training in children was a much debated issue within the last 3 decades, the majority of recent literature delineates that it is effective and safe in all phases of maturity if qualified supervision, age-appropriate program design, and gradual progression are used. 5, 6 However, only little is known about the impact of age and maturity on traininginduced strength gains during childhood and youth. 7, 8 Results of the few available comparative studies that addressed the impact of those subject variables are conflicting. However, because of the well-documented anabolic activity of sex hormones, which are known to rise steeply with the onset of puberty, we have hypothesized that the slope of trainability is visibly altered during corresponding years.
Because decisions about the efficacy of a resistance-training intervention in children and adolescents cannot be based on the outcomes of a single study, narrative reviews have been used to depict data across different studies. 5, 6, 9, 10 The drawback of this method is that it is largely subjective. Meta-analyses, by contrast, apply objective formulas and enable us to calculate the weighted mean effect size (ES). This quantitatively combined result improves generalizability and comparability of effects. In addition, the between-study variation can be assessed, and moderator variables that explain this variation can be detected.
Because previous meta-analyses on this issue were outdated and produced contradictory results, [11] [12] [13] the main purpose of our study was to examine the influence of age and maturity on the effectiveness of progressive resistance training among children and adolescents. In addition, we evaluated the impact of program-design parameters and subject characteristics other than age and maturity on the observed variability in training effects among different studies.
DEFINITIONS
In this article, the term "resistance training" is defined as a type of exercise that requires the musculature to contract against an opposing force generated by some type of resistance (eg, body weight, barbells, dumbbells, weight machines). If free weights or specific machines were applied to generate resistance, the term "weight training" is used synonymously. By contrast, the term "strength training" is used in a broader sense (ie, to describe any type of conditioning that is used to increase physical strength).
The terms "prepubertal," "intrapubertal," and "postpubertal" refer to the maturity classification that was presented by each single study. If maturity was tested but not stated explicitly in the aforementioned categories, the available data were reinterpreted according to classification-specific standards. [14] [15] [16] [17] In this text, the term "childhood" is an acronym for the phase of middle childhood that starts around 8 years of age and ends with the onset of puberty. 18 The term "youth" refers to adolescents, including all maturational changes that occur during puberty. The age limit was arbitrarily set to 18 years.
METHODS

Data Sources
Systematic computerized searches of the following databases from their inception to the end of August 2009 were undertaken: Medline (1966) 19 and in peerreviewed journals, German studies and studies from the gray literature* were included in the meta-analysis. The following subject headings, key words, and text words, in English and German, were included: children, adolescents, youth, athletes; resistance, strength, weight, power; and training, exercise, and sport. When data were missing from the original document, the authors were contacted to provide additional information.
Study Selection and Quality Assessment
Inclusion criteria were, (1) the study design had to include a resistancetraining intervention, (2) the effects of resistance training on muscular strength must have been examined and reported in means and SDs for the training and control groups for pretests and posttests, (3) the age of the participants had to be 18 years or younger, and (4) research must have been conducted on healthy male or female subjects. Overweight children were considered to meet this criterion unless any indispositions were reported.
Two independent raters assessed the methodologic quality of the selected studies by use of the Physiotherapy Evidence Database (PEDro) scale. 20 Any disagreements were resolved by a third rater. Methodologic quality was not an inclusion criterion. The quality of evidence was assessed with the Strength of Recommendation Taxonomy. 21 *In this article, "gray literature" refers to studies that were not formally published in peer-reviewed journals.
Meta-analysis Procedure
For increasing the precision of treatment-effect estimates, it is necessary to combine data from multiple studies. The appropriate statistical method for this approach, the meta-analysis, was first introduced by Glass in 1976. 22 In contrast to narrative reviews, the metaanalysis provides the opportunity to quantify the results of various studies to a standard metric called the effect size (ES), which allows comparisons by the use of statistical methods.
The ES for pretest/posttest designs in this study was computed as the difference between the standardized mean change for the treatment and control groups divided by the pooled pretest SD:
where T pre and C pre are the mean pretest scores and T post and C post are the mean posttest scores of the training and control groups, respectively. The population variance was estimated by the pooled estimate of variance:
where n T and n C are the numbers of participants and SD is the pretest SD of each group. 23 Because ESs of small samples tend to be positively biased and therewith overestimated, a virtually unbiased estimate was calculated by using a correction factor 24 :
On the basis of the fact that the studies were drawn from different populations, and therefore all kind of varieties could have an impact on the treatment effect, the random-effects model was used for the meta-analysis procedure. Under this model it is assumed that there is a distribution of true effects, rather than there being 1 true ES (ES true ), and the combined effect represents the mean of the population of true effects. In this model, statistical variability caused by sampling error (var [ES] ) and substantive variability ( 2 ) is incorporated 25 :
To approve the assumption of heterogeneity among the identified studies, the Q statistic and I 2 index were examined.
For cases in which studies used a single control group and more than 1 treatment group, the data of the control group should not be used to compute more than 1 ES, because the information of these ESs would not be independent. To ensure that control participants of trials with multiple treatment groups but only 1 control group were not counted more than once, the control group participant number was divided out equally between comparisons. 26 
Statistical Analysis
For testing external validity, a moderator analysis was conducted. The impact of categorical moderator variables was assessed by subgroup meta-analyses and z tests, whereas for continuous variables metaregressions were used. The hypothesized categorical moderator variables were gender (male versus female), maturity (prepubertal versus intrapubertal/postpubertal), training type (anisometric † vs isokinetic versus isometric), and resistance type (machine versus free weights versus mixed). For quantitative independent variables study duration, the age of participants, the training frequency per week, and the mean intensity (average percentage of 1RM [1RM ϭ 1 repetition maximum] used throughout the training) were tested. Statistical significance was set to P Յ .05 for all analyses. A funnel graph was plotted to determine if publication bias existed. The z test, meta-regression, and production of all graphics were performed by using Statistica 7.1 (StatSoft, Inc, Tulsa, OK).
RESULTS
The searches provided 118 studies that spanned the period of 1949 -2009 as potentially relevant. After 46 studies were excluded in a first step, 72 studies were retrieved for further evaluation (see Fig 1) . Of these studies, only 42 met the inclusion criteria for metaanalysis. Because some studies examined the effects of resistance training in different subgroups, the 42 studies represented a total of 69 combined ESs based on 273 outcomes (Supplemental Table 6 ). The average PEDro score for the 42 articles ranged from 2 of 10 to 7 of 10 (4.9 Ϯ 1).
The total number of all participants in the included studies was 1728 (train†During a dynamic contraction the tension varies throughout the range of motion; therefore, the term "anisometric" is used instead of the commonly used term "isotonic." 
FIGURE 1
Flow diagram of study-selection process.
ing group: 992; control group: 736). A distinct gender imbalance was found: there was a total of 1162 male (training group: 675; control group: 487) and 317 female (training group: 191; control group: 126) subjects. Gender was not presented for 249 participants. Although some study reports presented demographic data as ranges, the estimated mean age of all analyzed subjects was 11.5 years (SD: 2.6). Only 707 (40.9%) children and adolescents were classified for maturational status; 282 were categorized as prepubertal, 253 as pubertal, and 18 as postpubertal. For the remaining 154 classified subjects, no mean maturity score was available. The overall mean height of the subjects was 150.8 cm, whereas the mean body mass was 101.08 lb (to convert to kilograms, multiply by 0.45). Nineteen percent of the subgroups was reported to consist of novices, whereas only 1.4% had previous strength-training experience. In 79.7% of all cases the respective training status was not documented. Seven of 69 (10.1%) subgroups were classified as consisting of athletes.
The training programs showed an extensive variation in duration, frequency, intensity, volume (sets ϫ repetitions), and type of exercise. The duration of the analyzed training interventions ranged from 4 to 60 weeks (mean Ϯ SD: 9.9 Ϯ 3.7 weeks) with a mean training frequency of 2.7 Ϯ 0.8 sessions per week. Training periods averaged 41.1 Ϯ 12.3 minutes. The vast majority (83.3%) of the studies used anisometric training equipment such as resistance machines or free weights. In 7.14% of all cases, exercise was performed with an isokinetic training device, whereas predominantly older studies (9.52%) used isometric apparatuses.
Although different combinations of sets and repetitions from single-set protocols with moderate loading to multiple-set training regimens with near-maximal loading have been applied, the average anisometric strength-training program design consisted of 2 to 3 sets with 8 to 15 repetitions and loads between 60% and 80% of the 1RM on 6 to 8 exercises. Training loads were usually determined by either taking a specific percentage of the 1RM or performing a multiple-RM testing (eg, 10RM).
The main characteristics of the included studies regarding participants, intervention design, and strength outcomes are listed in Table 1 .
Combined ES
The analysis revealed an overall combined weighted ES of 1.12 (SE: 0.11) (Fig  2) . Although some of the analyzed studies failed to reach statistical significance, the P value for the summary effect was Ͻ.001, which indicates that treated groups were 1.1 SDs higher compared with untreated.
The selection of the random computational model was based on the fact that data were collected from a series of independent functionally unequal studies that would be unlikely to share a common ES. 25 This selection was supported by the outcome of the Q test (Q T 68 ϭ 108.47), P Ͻ .005, and the moderate I 2 value of 37%, which warranted the examination of moderator variables.
Investigation of Moderator Variables
Referring to subject characteristics, trainability seems to increase slightly with age of the subjects (Table 2 ). In accordance with that finding, results of a z test showed a significant maturity effect (P ϭ .01), which indicates that more mature individuals demonstrate a higher increase in muscle strength than less mature individuals. No differences, in contrast, were found between male and female groups (Table 3).
The analysis for program-design elements showed a positive relationship between study duration and resistance-training effect (r ϭ 0.28; P ϭ .02). In addition, the number of performed sessions per week (r ϭ 0.26; P Ͻ .01) showed a significant correlation coefficient, whereas the number of performed sets and mean intensity did not influence the ESs (Table 4) .
DISCUSSION
The estimated overall ES of 1.12 (P Ͻ .001) indicates that strength training is generally effective in childhood and youth. Furthermore, this ES is comparable to that of the previously published meta-analysis by Payne et al 12 (ES: 0.75; SE: 0.04), which showed a similar age pattern of subjects. According to the only published scale for determining the magnitude of ESs in strength-training research, presented by Rhea, 69 those ESs would be considered "low" for untrained and trained subjects. Taking into account that this scale was developed for strength training in adults, 1 interpretation could be that strength training is more effective, on average, in mature individuals and that the scale presented by Rhea might be inappropriate for prepubertal children.
This assumption is supported by the outcome of subgroup meta-analyses. Whereas intrapubertal and postpubertal subjects reached an ES of 1.91, the value of 0.81 for prepubertal children was significantly lower (Tables 3 and  4 ). In terms of the data from Rhea, 69 the effect of the first group equates to a moderate-to-large effect, whereas the latter is considered low. The prepubertal data are consistent with those of Falk and Tenenbaum, 11 who quantified the effectiveness of resistance training exclusively in children and found a comparable low overall ES of 0.57 (SD: 0.12) for this population.
Changes in blood concentrations of sex hormones might play the key role in the observed differences in strength gains between mature and immature individuals. If so, one would expect trainability to increase significantly with the onset of puberty because of the sharp increases of sex hormones during that time. Although results of the meta-regression for age did not reach significance (P ϭ .10), an agedependant trend of trainability in childhood and youth can be detected. However, as shown in Fig 3, strength trainability seems to increase linearly with age and without the expected boost during corresponding years of puberty. Therefore, the increasing trainability is unlikely to be a simple function of maturity-associated hormonal changes. This assumption needs to be verified by further investigation.
Because only 1 of 42 analyzed studies examined the influence of puberty on strength trainability, it can be postulated that further comparative clinical trials on this topic are needed to estimate this effect and provide a closer insight in the underlying cellular and molecular changes in response to strength stimuli during this specific time. Simply classifying subjects as prepubertal, intrapubertal, and postpubertal should be avoided, because it is not sufficiently sensitive to individual differences in biological maturity. 18 Therefore, the use of continuous maturity classifications, such as skeletal age, are recommended for further research.
Nevertheless, it should be noted that regardless of maturational age, children generally seem to be capable of increasing muscular strength, 12 as can be seen in Fig 3. The implementation of strength-training programs, therefore, should not be limited to postpubertal subjects, in concordance with the recently published updated position of the National Strength and Conditioning Association. 70 As the authors concluded, there is no minimum age requirement for beginning a resistance-training program, provided that subjects are mentally and physically ready to comply with trainer instructions.
In concordance with work by Falk and Tenenbaum, 11 the statistical analysis did not reveal any significant gender differences concerning the efficacy of resistance training, although the observed ES in our analysis was obviously higher for girls (ES: 1.42) than for boys (ES: 1.08). Payne et al 12 also observed higher values for girls (ES: 0.81 vs 0.72) but pointed out that this finding cannot be generalized because of the small number of ESs that belonged to female subjects. It is unfortunate that more than 10 years later the same problem applies to our review, because only 10 of 69 analyzed subgroups consisted of females alone. For this reason it is still of particular importance to include females at all maturity levels in further prospective strength-training research.
An interesting finding of our study is that the results indicate a significant correlation coefficient for duration (r ϭ 0.28). Although this coefficient is low, it emphasizes that longer training interventions are slightly more beneficial than similar programs of shorter duration. Thus, it can be assumed that children are capable of gaining strength apart from neurologic changes that are generally accepted to predominantly occur in the first weeks of strength training. 71, 72 It is possible that this contains a reference to structural changes, such as the controversial debated hypertrophy in early maturational stages, which would be compatible with the results of previous studies that revealed significant by guest on November 13, 2013 pediatrics.aappublications.org Downloaded from
FIGURE 2
Forest plot of meta-analysis, which shows the combined ES of each subgroup and the summary effect. changes in muscle mass after resistance training, even in prepubertal children. 39, 41, 73 Concerning the selected training type, the largest ES (1.17) was found for anisometric training programs, followed by isometric contractions (1.03). This result is in concordance with those from an earlier literature review by Atha, 74 who concluded that anisometric strength-training programs are more effective than isometric programs for increasing strength. Similar to results of the research by Payne et al, 12 the mean ES for isokinetic training was the smallest in our analysis (0.95). In 1997 this was thought to be a "function of the newness of the apparatus" and a "lack of knowledge" concerning optimal training protocols for this device. Considering the fact that none of the subsequent trials used isokinetic machines in resistance training for children and adolescents, it can be stated that the effect of this resistance type remains to be determined. It should be noted that there was no significant difference between the mean ESs of the above-mentioned contraction types.
Moderator analysis for programdesign elements revealed a positive significant correlation for the number of performed sessions per week (r ϭ 0.26; P ϭ .03), which suggests that an increase of this design parameter would lead to higher effects. This result is compatible with actual guidelines for resistance training in childhood and youth that recommend a frequency of 2 to 3 training sessions per week. 70 Although volume and intensity are important factors in the design of resistance-training programs and presumably affect the outcome in terms of gaining strength, no such correlation was found in our analysis. For intensity, this might be because only 34 studies reported sufficient data for calculating a mean intensity. Furthermore, because intensities below 60% to 80% of 1RM are less likely to induce strength gains, they are not used by most researchers. Thus, a correlation between intensity and outcome might be found if more studies used lowintensity programs.
Similar to all meta-analyses, the present analysis is limited by the quality of the included studies. According to the Strength of Recommendation Taxonomy, 21 we awarded the current evidence a level of 2 and a grade of B as a result of limited quality and some inconsistent findings in the available studies. The PEDro score for the 42 articles averaged 4.9 of 10 Ϯ 1, with a range from 2 of 10 to 7 of 10. This score is commonly considered to describe a fair methodologic quality of studies. 75 However, it should be taken into account that within resistance-training studies it is almost always impossible, by its very nature, to blind the trainer or the participants to the intervention applied. Therefore, the revealed PEDro score should be interpreted with caution. Another potential limitation of our meta-analysis is related to the observed publication bias. The funnelplot analysis revealed an asymmetrical appearance with a gap at the top, the middle right side, and the bottom left side of the graph, which suggests the need for larger randomized controlled trials on the 1 side and that we possibly missed some smaller studies on the other side (Fig 4) .
Because studies are missing from the right and left sides, the impact of publication bias on the observed overall effect might be low, especially when taking into account that small and less precise studies are weighted less in the meta-analysis procedure. Furthermore, the observed asymmetry might be the result of study factors other than publication bias, such as low methodologic quality in smaller studies that might result in an overestimation of treatment effects. Statistical tests for detecting funnel-plot asymmetry, such as Begg's rank correlation test and Egger's linear regression test, were not used in this analysis, because they were reported to suffer from low statistical power. 25 
CONCLUSIONS
The results of our meta-analysis suggest that trainability of muscular strength increases slightly with age and that maturity seems to be an important predictor of the training outcome. Nevertheless, it remains unclear which maturational changes account for the observable differences. Although the well-known sharp increases of sex hormones during puberty might seem obvious, no parallel boost in trainability during corresponding ages of puberty could be detected. The assumed linear increase of trainability with age indicates that ageand maturity-dependent changes in trainability cannot be a simple function of sex hormones. However, because hormonal changes were beyond the scope of our meta-analysis, further research into the relation between pubertal increases in sex hormones and trainability of strength is needed.
We found that a greater number of training sessions per week is associated with higher strength gains after resistance training and that longterm interventions are more beneficial than short ones. This doseresponse relationship and the mentioned time factor are of practical relevance, particularly for strength and conditioning professionals who work with young athletes. ES combined (random effects model)
FIGURE 3
The relationship between age of participants (years) and the combined ES (random-effects model).
The area of each circle is inversely proportional to the variance of the ES estimate: r 2 ϭ 0.0457; r ϭ 0.2137; P ϭ .0954; y ϭ 0.0734 ϩ 0.095*x. 
FIGURE 4
Funnel plot of the log-odds ratio versus SE for the studies included in our meta-analysis.
